High-performance fibers, used in fabric applications ranging from bulletproof vests to trampolines, must have a sufficient number of chemical and physical bonds for transferring the stress along the fiber. To limit their deformation, the fibers should possess high stiffness and strength. Stiffness is brought about by the degree to which the chemical bonds are aligned along the fiber axis. In fiber-reinforced composites, the fibers are the load-bearing element in the structure, and they must adhere well to the matrix material. An ideal reinforcing fiber must have high tensile and compressive moduli, high tensile and compressive strength, high damage tolerance, low specific weight, good adhesion to the matrix materials, and good temperature resistance. This article reviews and compares the properties and behavior of novel high-performance fiber materials including polyethylene, aramid, polybenzobisoxazole, M5, and carbon fibers.
Introduction
High-performance fibers, used in fabric applications ranging from bulletproof vests to trampolines, must have a sufficient number of chemical and physical bonds for transferring the stress along the fiber. The fibers should possess high stiffness and strength to limit their deformation. Stiffness is brought about by the degree to which the chemical bonds are aligned along the fiber axis. In fiber-reinforced composites, the fibers are the load-bearing element in the structure, and they must adhere well to the matrix material. An ideal reinforcing fiber must have high tensile and compressive moduli, high tensile and compressive strength, high damage tolerance, low specific weight (grams per square meter), good adhesion to the matrix material, and good temperature resistance. Fibers of significance with these properties include polyethylene, aramid, polybenzobisoxazole (PBO), M5, and carbon fibers.
Since about 1970, spinning highperformance fibers from self-organized, liquid-crystal phases has been pursued intensely. The para-aramids (Kevlar, Twaron, Technora) are the best known examples. After coagulation, the para-aramid molecules are arranged in hydrogen-bonded sheets reminiscent of cellulose I, the workhorse of engineering in living nature that provides strength to trees and that is available in a pure form in cotton and linen. Substantially higher tensile performance than in the para-aramids has been achieved by the manipulation of polymers that show no conformational mobility at all and are composed of rigid-rod structures: an example is PBO fiber, which is now commercially available from Toyobo. Although PBO shows impressive tensile properties, PBO-reinforced composites showed compressive yielding at unsatisfactorily low stress and strain. A few years ago, the synthesis and manipulation of a highmolecular-weight polymer, rigid-rod in nature like PBO but also equipped with strong intermolecular hydrogen bonds, was achieved. Formed from 2,3,5,6-tetraaminopyridine and 2,6-dihydroxyterephthalic acid, the polymer is routinely called M5, or PIPD, which is an abbreviation from its IUPAC polymer name poly{2,6-diimidazo [4,5-b-4 ',5'-e]pyridinylene-1,4(2,5-dihydroxy)phenylene}. The crystal structure features hydrogen bonds in both the x and the y directions (z being the polymer main-chain direction). This is reminiscent of cellulose II, the cellulose modification that one sees in manufactured cellulose fibers, the most prominent example being viscose rayon-that is, cellulose regenerated from solution, which is better suited for compressively loaded applications such as tire cords than cellulose I fibers like cotton.
Greatly improved synthesis routes have led to sufficient amounts of the necessary monomers to enable spinning of M5 fiber. Even though much optimization remains to be done, promising mechanical-property and structure data have been collected on new M5 fibers that were spun in an improvised manner in bench-scale work. Scale-up efforts are under way that should produce fiber samples that perform more closely to the potential of the system than did earlier efforts.
Mechanical Properties of Fibers
The mechanical properties of organic polymeric fibers are much higher along the fiber axis than in the perpendicular direction. Because the polymer chains are many orders of magnitude shorter than the fiber, the fiber stress has to be transferred from one chain to an adjacent chain by intermolecular bonds, preferably involving long stretches of parallel polymer chains. The physical intermolecular bonds, however, are much weaker than their counterpart covalent bonds in the polymer chain.
There are mainly two types of physical bonds: hydrogen bonds and the weaker van der Waals bonds. The van der Waals bonds are extremely soft and weak, as in the bonds between the molecules in candle wax. In contrast to polymeric fibers, the building elements in carbon fibers are crosslinked by chemical (covalent) bonding.
The molecular structure and the interand intramolecular bonding influence the mechanical properties of fibers. Modulus describes the elastic extensibility of a material. Thus, it determines the stress required to arrive at a certain strain (deformation). The strength of a material refers to the stress at which the material fails or fractures, but its value depends on the test specimen dimensions (and testing conditions, such as strain rate). This apparent gage-length dependence occurs because of impurities and other flaws present in the structure, leading to stress concentrations that result in catastrophic failure of the material. Naturally, the probability of the presence of impurities is higher in a larger test specimen with a concomitantly lower ultimate strength. Figure 1 shows a typical stress-strain curve for a polymer fiber. In this figure, positive values indicate that the material is subjected to tensile forces, while negative values indicate that the material is subjected to compressive forces. The stress range in which the fiber behaves as a purely elastic material lies between the compressive yield stress, or compressive strength ( c ), and the tensile yield stress ( y ), which have approximately the same absolute value. Between the yield stress and the failure stress ( f ), nonlinear elastic and plastic behavior occurs. When the fiber is subjected to a compressional load, failure is caused by shear-yielding of adjacent chains, the same process that accounts for the yield point ( y ) in the tensile curve. The most significant difference between polymer fibers and carbon fibers is that carbon fibers do not show yielding behavior and remain truly elastic up to fracture. The slope of the curve is Young's modulus, E.
When a polymer fiber is loaded along the fiber axis, elongation is brought about by the elastic extension of the chain and by the elastic and nonelastic rotation of the chain axis toward the fiber axis due to the shear deformation of the fibrils. The extension of the chain is determined by the stiff covalent bonds, while the shear deformation is governed by the much weaker interchain bonds. A good measure for the chain tensile stiffness is the chain modulus, which can vary from 90 GPa for the regenerated-cellulose chain of cellulose II to 550 GPa for the new M5 fiber, as compared with 200 GPa for steel. The modulus for shear between adjacent chains, which determines the amount of elastic shear deformation, reflects the attraction between the chains, and is usually two orders of magnitude smaller than the covalent bond strength. Thus, the shear failure of the interchain bonds, not the fracture of the covalent bonds in the chain, is the limiting factor for the strength of these fibers. The tensile properties of the fibers arise from the chain and shear moduli, together with the shape and width of the chain orientation distribution. 1 Hence, a stiff and slender chain, strong interchain bonds, and a narrow orientation distribution of the chains will be expected to result in a higher modulus. To achieve high strength, one also needs chains long enough to ensure sufficient overlap between the chains so that the loading stress is transferred from one chain to the next.
Gage-Length Effects
Studies by Weibull on the strength of materials have shown that the random size, spacing, and orientation defects in a brittle material are a function of the amount of stressed volume and the magnitude of the local stresses. The cumulative probability-of-failure function of the Weibull distribution can be expressed as: (1) where ␣, the scale parameter, is related to the mean of the distribution; ␤, the shape parameter, is related to the coefficient of variation; l , the origin of the distribution, is the location parameter and represents a level below which no failure can occur; and f is the fiber tensile strength. If one sets the location parameter to zero, the Weibull distribution can be used as a function to
describe the hazard rate, and one will obtain a reliable safety factor for design considerations. The common two-parameter form of the Weibull distribution is then (2) According to Pierce's weakest-link theory, fibers tend to show a decrease in strength as the gage length increases. 2 If the following assumptions are correct, 1. a long length of fiber is made up of many shorter lengths (n) connected to each other in series, 2. the strengths of these shorter lengths are independent, 3. they are randomly distributed, and 4. they follow a distribution function F(), then the distribution of the strength, F n , for a long fiber can be expressed as (3) This indicates that when the scale parameter is plotted against gage length on a log-log scale, the relationship should be linear, with a slope of -1/␤. 2 In polymer fibers, the failure strength decreases with increasing gage length because of the imperfections present in the structure. M5 fibers, however, are less sensitive to gage-length effects than their aramid counterparts. 
Natural-Cellulose and RegeneratedCellulose Fibers
The chain in cellulose in many plant fibers such as cotton, ramie, flax, jute, kenaf, manila, and sisal is composed of linked glucose residues. In their native form (cellulose I), there are two intramolecular hydrogen bonds between the glucose residues, resulting in a chain modulus of 140 GPa. This rather stiff chain, together with the sheet-like hydrogen bonding between the chains, is responsible for the high tensile modulus (up to 90 GPa) in, for example, sisal fibers. However, dissolving native cellulose and regenerating it through wet spinning, such as in the manufacture of viscose rayon, always results in fibers in which the cellulose II has a conformation characterized by a single intramolecular hydrogen bond, resulting in a chain modulus of only 88 GPa. 4 
Synthetic Fibers
The alignment of the polymer chains is achieved by super-drawing (i.e., a drawing ratio of more than 10) of precursor fibers in the solid state and manipulating rigid-rodlike molecules in solution, typically via the liquid-crystalline or ordered solution state. The first approach is used in the wellknown polyethylene fibers Dyneema and Spectra, which are used for ballistic protection, fishing lines, and mooring cables. The high solid-state drawability in Dyneema/ Spectra polyethylene fibers depends to a large extent on the ability of the polyethylene molecules to slip along each other easily. This process yields fibers with a tensile modulus of about 100 GPa and strength of 6 GPa. However, because of the rather weak chain-to-chain attractional van der Waals forces, polyethylene fibers undergo creep and display poor compressive load-bearing behavior. These issues, combined with the poor adhesion of polyethylene, make these high-strength fibers unsuitable as reinforcing fibers. These fibers perform well only for short durations or for impact loading. Figure 2 shows the arrangement of the polyethylene chains in a fiber of this type.
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Spinning of Liquid-Crystalline Solutions and PpPTA
PpPTA (poly-p-phenylene terephthalamide) or aramid (Twaron and Kevlar) fibers are produced by the second approach to aligning the polymer chains-manipulating rigid-rod-like molecules in solution, typically via the liquid-crystalline or ordered solution state. The polymer is prepared from the monomers in a complex solvent. Subsequently, the polymer is isolated, washed, dried, and redissolved in highly concentrated sulfuric acid to make the spinning solution, which is then extruded while in the liquid-crystalline state. Typically, the liquid-crystalline solution consists of domains in which the chains are more or less oriented parallel to a common director. Initial alignment of the domains is achieved by the shear-flow field existing inside the spinneret, which is an array of spinning orifices in the spinning plate. As a result of an external force applied on the spin line (the freshly formed filament that has not yet solidified), further orientation of the domains is induced by an elongational flow when the spin line is stretched (the spinstretch phase). Higher draw ratios yield a higher degree of orientation of the domains in the solution, but the ultimate degree of orientation of the chains in the fiber is limited by the internal degree of orientation within the domains. This internal order is determined by the concentration, the temperature, and the stiffness and length of the polymer chain. If the relaxation time of the oriented spinning solution is long enough, the chain orientation at the end of the spin-stretch stage can be preserved by solidification in the spinning bath containing the coagulant liquid.
Chemical modeling shows the aramid crystal structure along the chain direction ( Figure 3 ). In this projection, the dashed lines indicate the hydrogen bonds. The picture clearly shows that the chains are linked by these hydrogen bonds in a single direction. Between these planes formed by hydrogen-bonded chains there are the van der Waals bonds (not shown). The empty space in the chemical structure symbolizes the cleavage planes.
Polybenzobisoxazole
In the 1980s, the U.S. Air Force initiated work directed at developing polymers with a much stronger rod-like character than the aramids, culminating in the polybenzobisoxazole (PBO) fiber. The PBO chain has no freedom to adopt folded conformations by rotation about any chain bonds, and the rings are forced into a true overall rigidrod shape. The PBO molecule is a highly conjugated molecule, which implies that the interatomic bonding is much stronger than the single covalent bonding found, for example, in the polyethylene chain. Dilutesolution measurements prove that polymer chains like PBO indeed have an extremely elongated shape. Yet, despite impressive tensile properties, the compression performance of PBO remains disappointing. The low compressive strength of PBO limits its use. We attribute this disappointing property to the weak intermolecular interaction, which has only a van der Waals character. Compressive yielding of fibers originates in shear yielding, and it is the intermolecular bonds that can counteract that.
M5 Fibers
Scientists at Akzo Nobel created a polymer chain as rigid-rod-like as PBO, having strong intermolecular hydrogen bonds. This fiber is known as M5. The monomers required were not commercially available, and routes for their preparation had to be developed. The chemical structure of M5 is shown in Structure 1. Note that in the M5 repeating unit, O-H and N-H groups are present. It was established by x-ray diffraction techniques that the M5 molecules in fact form a hydrogen-bond network, spanning both dimensions perpendicular to the main-chain direction, rather than the sheettype hydrogen-bonding pattern found in aramids (compare Figures 3 and 4) . lateral chain-chain interaction. This bidirectional hydrogen-bonding network leads to high compressive and shear properties. The shear modulus of M5 is ϳ6 GPa, as compared with 2 GPa for PBO and aramid fibers. We speculate that the honeycomblike structure of M5 may be responsible for the impact-and damage-tolerance properties of M5-reinforced advanced composite products (e.g., side-impactprotection beams for automobiles).
Comparing Properties of Aramid, M5, and Carbon Fibers
Compared with high-performance polyethylene fibers, aramid, PBO, and M5 fibers show better creep resistance and temperature resistance. The formation of a hydrogen-bonded sheet-like structure in aramids contributes to their compressive strength in conjunction with plastic deformation under overload and ultimately to fibrillation at severe overload. When aramid fibers fail in tension or compression, this is caused by the weak van der Waals bonds between these sheets, which break apart relatively easily. The compressive strength of aramid fibers is not more than 0.6 GPa, and their tensile strength is limited to about 4 GPa.
Compared with carbon fibers, the aramids show lower compressive strain and substantially lower compressive stress (coupled to their much lower stiffness). An important difference between organic polymer fibers and carbon fibers is the ductility of the former, contrasted with the extreme brittleness of the latter.
Carbon fibers consist of extended graphite planes (carbon atoms bonded in a hexagonal planar network) that are oriented more or less parallel to the fiber axis. These graphite planes are rather stiff and their size is about 5-100 nm, depending on the kind of carbon fiber. The tensile modulus of this graphitic plane can reach 1000 GPa. The stress on the carbon fiber has to be transferred from one graphite plane to the adjacent graphite plane by cross-links that consist of carbon-carbon covalent bonds between these planes. However, the major disadvantage of these covalent cross-links is that, once broken, they do not reform after the stress has been removed. They are purely elastic bonds and do not show any yielding behavior. In a carbon fiber under an increasing tensile stress, any flaw acts as a stress concentrator, and the local stress will increase far more rapidly than the stress on the fiber until this local stress breaks the covalent bonds. This generates an avalanche of bond breakage, and the carbon fiber fails in a brittle mode. Thus, by their nature, carbon fibers do not have any damage tolerance. Yet, the advantage of the covalent cross-link bonds is that they give the carbon fiber its high compressive strength (Ͼ2 GPa).
In contrast, the bonding between the chains in polymer fibers is established by van der Waals and hydrogen bonds. These bonds show elastic behavior up to the yield strain in the tensile curve of the fiber. For larger strains, some loosening or yielding of the interchain bonding occurs, resulting in the nonelastic (plastic) behavior of the fiber. This "softening" of interchain bonding allows stress relaxation by some local movement of the chains around flaws and impurities without severely deteriorating the creep behavior of the fibers. After unloading of the fiber before breakage, all interchain bonds are restored to their original strength.
The crystal structure of M5 features hydrogen bonds in both the x and y directions in a hydrogen-bonded network (z being the polymer main-chain direction), 5 leading to moduli of over 300 GPa and strength values that are at a par with or higher than aramids, at well over 2 N/tex (3.4 GPa). The first composite bars that were tested for axial compressive strength confirmed the high compressive properties of the new fiber in composite form, with the onset of plastic deformation occurring at stress levels of up to 1.7 GPa in three-and four-point bending tests. A unique aspect of M5/epoxy composites is the fact that under compressive overload conditions, the test specimens continue to bear a significant (compressive) load, in contrast to carbon-fiber-reinforced specimens that shatter and aramid composite bars that are crushed into a form of fibrillar blanket rather than a beam. Figure 5 shows failed test bars of a carbon fiber and an M5 fiber composite. These are textbook examples illustrating the difference be-
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Assessment of New High-Performance Fibers for Advanced Applications tween brittle and ductile failure. It is tempting to speculate on the molecular mechanism(s) responsible for the damage tolerance that M5-reinforced composites show in these exploratory tests. The network of hydrogen bonds in the fiber, arranged in a pattern reminiscent of the cell structure of balsa wood (a well-known damage-tolerant material) seems a likely mechanism. Table I gives the fundamental polymer (crystal) properties that determine the mechanical properties of the fibers discussed.
Molecular Properties of Aramid, M5, and Carbon Fibers
Listed are the elastic modulus of the building element, e c , the modulus for shear between the elements (chain or graphite plane), g, and the kind of major interelement bonds. Fiber modulus is related to these constants through the chain orientation angle by (4) where E is Young's modulus.
Applications and Outlook
The mechanical properties of the new M5 fiber make it competitive with carbon a Mechanical properties of carbon fiber are evaluated in resin-impregnated strands to protect the material against premature brittle failure in the tensile testing machine. The organic fibers are tested as such; averages of 10 filament measurements (10 cm gauge length) are given for the tensile data. b PBO polybenzobisoxazole; Toyobo data. c Measured in unidirectional composite test bars, three-point bending test, onset of deflection for the organic-fiber-reinforced composites; catastrophic failure for the carbon composites. M5 composites proved to be able to carry much higher loads than the load at onset of deflection and to absorb more energy at high compressive strains in a mode analogous to the flow behavior in steel being damaged. d Fibers are first dried in an oven, then exposed to 65% relative humidity at 23ЊC for 24 h. e Percentage of oxygen in the atmosphere that will sustain burning of the material.
Assessment of New High-Performance Fibers for Advanced Applications
MRS BULLETIN/AUGUST 2003 583
fiber for most applications in which carbon fiber is currently used. An enhanced level of performance, especially deriving from the impact-resistance and damagetolerance of M5, will lead to applications in aerospace, automotive, and sporting equipment. The high electrical resistance of the new (insulating) fiber would enable it to perform in areas where (conductive) carbon fiber presents problems (e.g., corrosion in metal contacts).
The high polarity of M5 as compared with PBO, polyethylene, or aramids, aids in easy adhesion to a variety of matrix materials, judging by bundle pull-out tests performed with various epoxy, unsaturated polyester, and vinyl ester resins, in which it outperformed aramids.
The ballistic protection mechanism of safety vests is based on an extremely rapid distribution of the impact energy of a projectile over as large an area of the vest as possible without fracture of the fiber. The square of the speed of the deformation pulse, which transmits the impact deformation over the whole vest, is proportional to the ratio of the tensile modulus and the specific weight. This implies that fibers such as M5 and PBO will find applications for ballistics. The important properties of several high-performance fibers are listed in Table II. Molecular engineering of the chemical and physical bonds, further reductions in flaws, and improving the uniformity of the fiber structure will yield further significant advances in high-performance fiber properties. Additional improvements in M5 fibers are expected once pilot facilities are established. Magellan Systems International, for example, is initiating scale up in collaboration with industrial and university partners, including North Carolina State University and groups at several other universities.
